T o meet the food requirements of China's increasing population, estimates indicate that the yield of all crops should increase by 40% until 2030 (Wang, 2005) . Maize, one of China's most important cereal crops, has an important role in expanding overall grain production capacity. Nitrogen is one of the most important factors that limits maize grain yield (Cassman, 1999; Varinderpal-Singh et al., 2011) . From 1987 to 2000, maize yield in China substantially improved as a result of increased N application (China Agricultural Yearbook, 2001 ). However, improper N fertilizer application can seriously decrease NUE (Zhao et al., 2006; Zhang et al., 2007) , limit maize yield, and increase N loss to the environment (He et al., 2009; Ju et al., 2009) . Therefore, great effort should be made to improve N management practices to further increase maize yield and NUE.
In China, because of the lack of sufficient knowledge by most farmers, almost 60% of total N application (mean = 240 kg N ha ) is often applied once per growing season before maize planting or at the six-leaf stage (V6, Ritchie et al., 1993) via conventional fertilization practices Wang et al., 2009; 
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ABSTRACT
Conventional fertilization with most N applied before or during early maize (Zea mays L.) growth stages can negatively affect production if soil N is insufficient after silking. Here, drip irrigation with a split application of N (drip fertigation) was evaluated to determine whether the effect on yield and N use efficiency (NUE) differs with cropping practice. Compared with conventional fertilization, drip fertigation increased yield by 13 and 14% at a low planting density under a low N rate (L) and by 15% at a high planting density under a high N rate (H) in 2012 and 2013, respectively. Yield increases under drip fertigation were attributed to 18 and 17% increases in postsilking dry matter (DM) accumulation under L, and 12 and 10% increases in presilking DM accumulation, and 17 and 16% increases in postsilking DM accumulation under H in 2012 and 2013, respectively. Increased postsilking N accumulation under drip fertigation, promoted by greater root length and soil mineral N after silking, maintained increased leaf area index (LAI) and DM accumulation rate to improve postsilking DM accumulation under L. Greater N accumulation under drip fertigation from the 12-leaf stage to silking and after silking promoted greater LAI and DM accumulation rate to increase pre-and postsilking DM accumulation under H. Because of greater grain yield and N uptake and less water consumption, drip irrigation improved NUE and irrigation water use efficiency. Drip fertigation can effectively improving maize grain yield and NUE resulting from improved DM accumulation with increased early-season N uptake. et al., 2010) , in which N fertilizer is broadcast over the soil surface, followed by flood irrigation or precipitation. Large quantities of N applied before maize planting or early in the growing season exceed the requirements of maize at this time, causing N to be susceptible to loss by ammonia volatilization, denitrification, and leaching, especially during irrigation and periods of high precipitation (Zhao et al., 2006; He et al., 2009; Ju et al., 2009 ). In the North China Plain, N losses from ammonia volatilization, denitrification, and leaching have been reported to be 120, 16, and 136 kg N ha -1 yr -1
, respectively (Zhao et al., 2009) , which contributes to groundwater pollution (Xing and Zhu, 2000; Ju et al., 2006) , soil acidification (Guo et al., 2010) , and air pollution . Loss of N may also result in insufficient N being available at late growth stages of maize, promoting accelerated leaf senescence (Wada et al., 1993; Ding et al., 2005) .
Previous studies have shown record high yields of maize grown at high plant density (Sangoi, 2001; Amanullah et al., 2007) with a high N rate . In high-yielding maize experiments with grain yield more than 15 Mg ha -1 , planting rates varied from 80,000 to 120,000 plants ha -1 and N fertilizer rates varied from 450 to 525 kg N ha -1 , greatly exceeding maize's requirements of 200 to 300 kg N ha -1 . Although excess N fertilizer input decreases competition among maize plants for available soil N, especially at high plant densities (Borrás et al., 2003; Tollenaar et al., 2006) , it decreases NUE. Recently, many approaches and tools have been developed to optimize N management and increase NUE (Dobermann and Cassman, 2005; Cui et al., 2008a ) but substantial and consistent increases in maize yield have only been demonstrated in a few studies, such as with deep placement of ammonium bicarbonate and urea , controlled-release fertilizer (Shao et al., 2008) , and in-season N management (Cui et al., 2008a; Meng et al., 2012b) . The challenge is to further increase maize yield and simultaneously increase NUE.
Subdividing the total amount of N fertilizer into several applications during the growing season based on maize demand for N can increase grain yield and NUE concurrently (Witt et al., 1999; Chen et al., 2006; Lv et al., 2011) . In experiments with an in-season root zone N management system, maize grain yield was maintained with N fertilizer applied at reduced rates (40-79% less) and more frequently (before planting and at the V6, 10-leaf, silking, and blister stages) compared to standard fertilization (Zhao et al., 2006; Cui et al., 2008b; Meng et al., 2012b) . Drip irrigation technology provides a way to supply adequate N to maize during silking through to maturity (Sharmasarkar et al., 2001; Thompson et al., 2002) . With drip irrigation, water and fertilizer are typically applied in smaller quantities and largely remain in the upper soil layers, which also enables more uniform application and efficient use of N, thus reducing N loss (Barton and Colmer, 2006; Ajdary et al., 2007; Hou et al., 2007) .
Drip fertigation, the integrated practice of split N application and drip irrigation, is an effective way to optimize NUE and increase crop grain yield (Silber et al., 2003; Farneselli et al., 2015) . However, the effect of drip fertigation on maize yield and NUE, especially for different cropping practices, remains poorly understood. We hypothesized that the effect of drip fertigation on maize grain yield and NUE would be different between the dominant cropping practice used by farmers in the North China Plain (low planting density with a low N rate) and high-yield management (high planting density with a high N rate). The objectives of this study were to (i) evaluate the effect of drip fertigation on maize grain yield, DM production, and N accumulation; (ii) examine the change in NUE and irrigation water use efficiency (WUE irri ) caused by drip fertigation; and (iii) determine whether the physiological processes affected by drip fertigation differ between the famers' practice and the high-yield practice. Understanding these questions may enable improved use of drip fertigation and provide a theoretical basis and the technical support for maize production in the North China Plain and similar areas throughout the world.
MATERIALS AND METHODS

Site Description
Two field experiments were conducted during the maize growing seasons in 2012 and 2013 at the Xinxiang Experimental Station of the Chinese Academy of Agricultural Sciences (35°11¢30² N, 113°48¢ E), located in Xinxiang County, Henan Province. Xinxiang County, typical of the North China Plain, is an area of intensive agriculture, where the winter wheat (Triticum aestivum L.) and summer maize crop rotation system is predominant. This region is in a temperate zone, with a continental monsoon climate. The annual mean air temperature, accumulated air temperature above 10°C, daylight hours, and precipitation from 1991 to 2011 were 14.2°C, 4647°C, 2324 h, and 573 mm, respectively. Figure 1 shows the daily mean air temperature and precipitation during the maize growing seasons in 2012 and 2013. The experimental field has medium to low yield potential. The soil hosting the experiments is quite uniform within the 0-to 50-cm layer, and the soil is sandy loam in texture 91.9% sand, 5.0% silt, and 3.1% clay (Gong et al., 2007) with a bulk density of 1.42 Mg m -3 . Organic matter, total N, alkali-hydrolyzable N, extractable Olsen-P, ammonium acetate-extractable K, and pH in the 0-to 30-cm layer were 7.6 g kg , respectively. and a side-dressed application over the soil surface with conventional flood irrigation or precipitation. Maize received half of the total N rate before planting and also at V6. For the drip fertigation treatment, the amount of total N fertilizer was subdivided into 20, 25, 30, and 25%, and N fertilizer was applied as urea via drip irrigation before planting and at the V6, 12-leaf (V12), and silking (R1) stages (Ritchie et al., 1993) Irrigation occurred during dry weather conditions during the maize growing seasons or at fertilizer application. Water potential was monitored using a tension meter (Model 6420, Spectrum Technologies Inc., Aurora, IL) that was installed at a depth of 30 cm and irrigation was applied when the water potential was beyond -25 to -30 kPa. For the control and conventional fertilization treatments, the amount of irrigation water applied each time was 50-to 75-mm using the flood irrigation
Maize Cropping Practices
Two maize cropping practices with different yield level were evaluated in this study: low planting density under a low N rate (L), representative of farmers' cropping practice in the region, and a high planting density under a high N rate (H), representative of high-yield cropping practice. The L treatment followed the practice of farmers in the region and had 60,000 plants ha ), the planting density and total N applied for the H treatment were 90,000 plants ha -1 and 360 kg N ha , respectively .
Experimental Design
One experiment was conducted under the L cropping practice and another was conducted under the H cropping practice in each year. Each experiment was a randomized complete block design with three replicates. Both of the experiments had three treatments: a non-N-fertilized control, conventional fertilization, and drip fertigation. For the conventional fertilization treatment, N fertilizer was applied as urea by hand as a broadcast method, based on soil water content and farmers' practice. Irrigation water was transported via a 15-cm hose from a well directly to each plot. Plots were separated by a 20-cm-high ridge; a 50-cm-wide zone managed to minimize the effects of the adjacent plots. For the drip fertigation treatment, irrigation water was applied via drip irrigation using gravity flow and drip tape with holes spaced 20 cm apart (Hehuinong Machine Co. Ltd., Beijing, China). The nominal emitter flow rate was 0.78 L h -1 and the operation pressure of the drip irrigation system was 0.01 MPa. Irrigation drip tapes were buried in the soil at a depth of 5 cm after planting and were centered between two maize rows with narrow space. The amount of irrigation water applied each time via drip irrigation was 10 to 30 mm, based on crop evapotranspiration estimated by the PenmanMonteith equation (Allen et al., 1998) Field experiments were conducted in a typical winter wheatsummer maize crop rotation system in the same field over the 2-yr period. After the wheat harvest, rotary tillage was performed to a 15-cm depth with a rotary tiller (Model 1GKN-250, Yungangxuangengjixie Co. Ltd., Lianyungang, Jiangsu, China) that incorporated wheat residues into the soil. The maize hybrid 'ZD958' (Henan Academy of Agricultural Sciences, Zhengzhou, Henan Province, China), which has been characterized as having high grain yield and quality, resistance to multiple diseases, early maturity, and extensive adaptability and is one of the most widely grown maize cultivars in the North China Plain (National Bureau of Statistics of China, 2015), was chosen for this study. '-dihydroxy-6-isopropyl-5,11',13',22'-tet ramethyl-2'-oxo-5,6-dihydrospiro[pyran-2,6'-(3,7,19)trioxatetracyclo(15.6.1.14,8.020,24)pentacosa(10,14,16,22) 
Soil Analysis
Soil samples from the 0-to 30-cm soil layer for each plot were collected before planting in 2012 and 2013, air-dried, sieved to pass through a 1-mm screen, and analyzed for organic matter (Yeomans and Bremner, 1988) , total N (Bremner, 1996) , extractable Olsen-P (Fixen and Grove, 1990) , ammonium acetate-extractable K (Haby et al., 1990) , and pH (1:2.5, soil/water).
Mineral N content, representing ammonium-N plus nitrate-N (N min ), of the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was determined before planting in 2012 and 2013, and at the V12 and milk stage (R3) (Ritchie et al., 1993) in 2013. Soil samples were taken at the center between two maize rows with narrow spacing after 24 h of irrigation for both the conventional fertilization and drip fertigation treatments. The fresh soil samples were extracted with 2 M KCl to analyze the ammonium-N and nitrate-N via continuous flow analysis (TRAACS 2000, Bran and Luebbe, Norderstedt, Germany). Soil bulk density of the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was measured at the time of sampling for soil N concentration from plots where soil N concentration was measured, using the cutting ring method (Wang et al., 2015) .
Gravimetric soil water content was measured at 10-cm intervals within the 0-to 100-cm soil layer in each plot at the V12 and R3 stages. Soil samples were taken at the center between two maize rows with narrow spacing after 24 h of irrigation for both the conventional fertilization and drip fertigation treatments. The soil cores were 5 cm in diameter. Soil water content (SWC, g g ) was measured as the difference between the fresh sample weight (FW s ) and oven-dried (105°C for 24 h) soil weight (DW s ), calculated according to Eq.
[1] (Wang et al., 2015) :
[1]
Crop Sampling and Measurements
To identify the maize developmental stage, a standardized staging system was used, and the date was recorded when more than 50% of maize plants in each plot reached the following stages: V6, V12, R1, R3, and physiological maturity (R6) (Ritchie et al., 1993) . Leaf area of the sampled plants was measured immediately after harvesting at the V6, V12, R1, R3, and R6 stages, and at 1 d after fertilization. Length and maximum width were recorded for each green leaf, and leaf area (A, m 2 per plant) was estimated using the following equation (McKee, 1964) :
Leaf area index was calculated as:
where PD is plant density in plants per ha. Plant samples were collected to determine DM accumulation at V6, V12, R1, R3, and R6, and at 1 d after fertilization.
where Y 0 and U 0 are grain yield (kg ha
) and N accumulation in aboveground biomass at maturity (kg ha ) per application treatment. Irrigation WUE irri was calculated as follows (Meng et al., 2012a ):
where Y is grain yield (kg ha
) and I is total irrigation (mm).
Statistical Analysis
To evaluate the effect of drip fertigation on maize grain yield and NUE at two cropping system, each experiment was subjected to ANOVA using SPSS version 16.0 (SPSS Institute Inc., Chicago, IL). For both the L and H cropping systems, grain yield, yield components, NUE, and WUE irri were subjected a two-way ANOVA with year and fertilization treatment as fixed effects. Dry matter, DM accumulation rate, LAI, and maize N accumulation were subjected to repeated measures analysis, with treatment and stage at sampling (repeated measurement) as fixed effects. Soil water content, mineral N content, and root length per plant at the V12 and R3 stages in 2013 were subjected to repeated measures analysis with treatment and soil layer (repeated measurement) as fixed effects. Tests for the normality of residuals were conducted using quantile-quantile plots and the homogeneity of variance was conducted using Levene's test. Replication and interactions with replication were treated as random effects. Means were compared using Fisher's LSD at the 5% level of probability.
RESULTS
Climatic Conditions
The daily air temperature and accumulated precipitation during the experimental period in 2012 and 2013 are shown in Fig. 1 . Both the maximum and minimum air temperatures from sowing to maturity followed a decreasing trend across the 2 yr. Three plants from the center rows in each plot, all located at least 1 m from the plot edge and 0.5 m from previously sampled plants, were sampled randomly in each plot. The sampled plants were dried at 105°C for 30 min then at 70°C to a constant water content before being weighed. Dry matter accumulation conformed to a logistic equation and the daily DM accumulation rate was calculated as the first-order derivative of the following logistic equation (Hou et al., 2008) :
where a is the final DM, b is the initial DM, c is the parameter representing growth rate, d is derivation operation, e is a natural constant, x is the days for DM accumulation, and y is the weight of DM accumulated. Root samples from the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers were taken in 2013 after plant sampling at the V12 and R3 stages and at 24 h after fertilization according to a three-dimensional spatially-distributed monolith scheme (Wang et al., 2015) . The sampled soil profile was 50 by 50 by 50 cm with the maize plant at the center. The sampling unit was 10 by 10 by 10 cm. Soil volume was divided into 125 subvolumes, each of which was 10 by 10 by 10 cm. All visible roots in each soil block were collected via submersion and shaking them over a 853-µm sieve in tap water. Collected roots were scanned using WinRHIZO root-scanning equipment and software (Regent Instruments, Quebec, Canada) and root length per plant was measured from scanned images.
At physiological maturity, 24 m 2 of the crop area with no previously sampled plants was harvested by hand from the four center rows in each plot. Ears were counted in the four center rows at harvest to determine the number of ears per hectare. Ear kernel number was the mean number of kernels from 10 ears that were oven-dried at 70°C until a constant mass prior to counting. Kernel mass was calculated from the mean dry mass of three random samples of 500 kernels. Grain yield was calculated at 155 g kg -1 moisture content. To measure maize tissue N concentration, subsamples were digested via wet oxidation and subjected to micro-Kjeldahl distillation and titration (Bremner and Mulvaney, 1982) . The N concentration in an organ and its DM yield were used to calculate N content in the leaves, stalks, and ears. Total maize N content was the sum of all organs. Partial factor productivity from applied N (PFP N , kg kg ) were calculated as follows (Dobermann, 2005) :
Grain Yield and Yield Components
Maize grain yield was affected by the interaction between year and treatment for both the L and H cropping systems (Table 2) . Grain yield for each treatment in 2012 was greater than that in 2013 across the two cropping systems. Among treatments, the non-N-fertilized control produced the lowest grain yield across all years and cropping systems. With the L cropping system, grain yield for drip fertigation was 8.6 and 8.2 Mg ha -1
, which was 13 and 14% greater than the yield of maize under conventional fertilization in 2012 and 2013, respectively. With the H cropping system, grain yield for drip fertigation was 9.8 and 9.4 Mg ha -1 , which was 15 and 15% greater than that for conventional fertilization in 2012 and 2013, respectively.
With the L cropping system, the interaction between year and treatment was significant for kernel number per ear, whereas kernel mass was affected by the individual effects of year and treatment; ear number was not affected by year, treatment, or their interaction (Table 2) . Kernel mass averaged across three treatments in 2012 was 306 g, 5% greater than that in 2013. Among treatments, the kernel mass averaged across 2 yr with drip fertigation was 326 g, 10% greater than that with conventional fertilization. With the H cropping system, the interaction between year and treatment was significant for all yield components. Kernel number per ear averaged across three treatments in 2012 was greater than that in 2013, whereas kernel mass averaged across three treatments in 2012 was less than that in 2013. Among treatments, kernel number per ear for drip fertigation was 416 and 382, or 2 and 3% greater than that for conventional fertilization in 2012 and 2013, respectively. Kernel mass for drip fertigation was 297 and 305 g, or 14 and 12% greater than that for conventional fertilization in 2012 and 2013, respectively. Dry Matter, DM Accumulation Rate, and LAI Maize DM was affected by the interaction between treatment and growth stage under both the L and H cropping systems (Fig. 2) . Dry matter accumulation at each growth stage in 2012 was greater than that in 2013 across all the treatments for both the L and H cropping systems (P = 0.001 and 0.006). The non-N-fertilized control produced the lowest DM among treatments regardless of year and cropping system. Under the L cropping system, DM accumulation for drip fertigation at R3 and R6 was greater than that for conventional fertilization across both years. At R3, DM accumulation for drip fertigation was 14 and 13 Mg ha -1 , which was 10 and 10% greater compared with conventional fertilization in 2012 and 2013, respectively. At harvest (R6), total DM for drip fertigation was 17 and 16 Mg ha -1 , which was 11 and 12% greater than that for conventional fertilization in 2012 and 2013, respectively. Dry matter accumulation postsilking (R1-R6) for drip fertigation was greater than that for conventional fertilization, although there was no significant difference in DM accumulation before silking between conventional fertilization and drip fertigation across both years. With the H cropping system, difference in DM accumulation between conventional fertilization and drip fertigation began at R1 across both years. Dry matter accumulation for drip fertigation at R1 was 10 and 9 Mg ha -1 or 12 and 10% greater than that for conventional fertilization in 2012 and 2013, respectively. At R3, DM accumulation for drip fertigation was 17 and 16 Mg ha -1 or 13 and 16% greater than that for conventional fertilization in 2012 and 2013, respectively. At harvest, DM accumulation with drip fertigation was 20 and 19 Mg ha -1 , which was 14 and 13% greater than that for conventional fertilization in 2012 and 2013, respectively. Significant differences in DM accumulation were detected between conventional fertilization and drip fertigation during both the presilking and postsilking periods across both years. Source of variation Dry matter accumulation rate was affected by the interaction between treatment and growth stage under both the L and H cropping systems (Fig. 2) . With the L cropping system, the DM accumulation rate for drip fertigation between R1 to R3 and between R3 to R6 was 0.30 and 0.03 Mg ha Maize LAI was affected by the interaction between treatment and growth stage for both the L and H cropping systems (Fig. 3) . With the L cropping system, LAI for drip fertigation at R1, R3, and R6 was 4.8, 3.9, and 1.9 m 2 m -2 or 10, 17, and 43% greater than that for conventional fertilization in 2012, respectively, and was 4.4, 3.5, and 2.0 m 2 m -2 or 7, 14, and 34% greater than that for conventional fertilization in 2013, respectively. With the H cropping system, LAI for drip fertigation at V12, R1, R3, and R6 was 3.7, 5.6, 4.7, and 2.5 m 2 m -2 or 18, 16, 28, and 65% greater than that for conventional fertilization in 2012, respectively, and that was 3.9, 5.5, 4.7, and 3.0 m 2 m -2 or 15, 10, 18, and 43% greater than that for conventional fertilization in 2013, respectively.
Nitrogen Accumulation and N Concentration in Plant
Nitrogen accumulation and N concentration in maize were affected by the interaction between year and treatment, and treatment and growth stage under both the L and H cropping systems. Nitrogen accumulation at each growth stage in 2012 was greater than in 2013 across all treatments and cropping systems (P = 0.001). The non-N-fertilized control had the lowest N accumulation among treatments, regardless of year and cropping system (Fig. 4) . With the L cropping system, N accumulation for drip fertigation at R1, R3, and R6 was greater than that for conventional fertilization across both years. At R1, N accumulation for drip fertigation was 135 and 117 kg N ha -1 or 14 and 12% greater than that for conventional fertilization in 2012 and 2013, respectively. At R3, N accumulation for drip fertigation was 159 kg N ha -1 in 2013 or 14% greater than that for conventional fertilization. At harvest (R6), total N accumulation for drip fertigation was 189 and 183 kg N ha -1 , which was 20 and 19% greater than that for conventional fertilization in 2012 and 2013, respectively. Similar to N accumulation, the N concentration for drip fertigation at R1 was 16 g kg -1 DM in both 2012 and 2013 or 10 and 8% greater than that for conventional fertilization, respectively. At R6, N concentration averaged across 2 yr for drip fertigation was 12 g kg -1 DM or 8% greater than that for conventional fertilization, whereas N concentration averaged across all three treatments in 2012 was 11 g kg -1 DM, or 15% greater than that for 2013 (Table 3) .
With the H cropping system, differences in N accumulation between drip fertigation and conventional fertilization began at V12 across both years. Nitrogen accumulation for drip fertigation at V12 and R3 was 135 and 194 kg N ha -1 or 22 and 21% greater than that under conventional fertilization in 2013, respectively. At R1, N accumulation for drip fertigation was 158 and 135 kg N ha -1 or 16 and 19% greater than that for conventional fertilization in 2012 and 2013, respectively. At harvest, total N accumulation for drip fertigation was 240 and 225 kg N ha -1 , which was 25 and 24% greater than that for conventional fertilization in 2012 and 2013, respectively. Similar to N accumulation, the N concentration for drip fertigation at V12, R1, R3 and R6 was greater than that for conventional fertilization (Table 3) . At V6, N concentration averaged across the three treatments in 2013 was 29 g kg -1 DM or 39% greater than that for 2012. 
Soil Water Content, Mineral N Content, and Root Length per Plant
Soil water content was determined at V12 and R3 in 2013 and was affected by the interaction between treatment and soil layer (Fig. 5) . Under both the L and H cropping systems, drip fertigation increased soil water content within the 0-to 50-cm soil layer at V12 and R3. Under the L cropping system, soil water content within the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40- , which was 18, 15, 15, 15, and 12% greater than that for conventional fertilization, respectively. Under the H cropping system, soil water content within the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40-to 50-cm layers for drip fertigation was 0.18, 0.18, 0.17, 0.17, and 0.16 g g -1 at V12, which was 23, 20, 18, 14, and 11% greater than that for conventional fertilization, respectively. At R3, soil water content within the 0-to 10-, 10-to 20-, 20-to 30-, 30-to 40-, and 40-to 50-cm layers for drip fertigation was 0.16, 0.15, 0.15, 0.15, and 0.14 g g -1
, which was 21, 14, 13, 8, and 6% greater than that for conventional fertilization, respectively. Soil mineral N content was determined at V12 and R3 in 2013 and was affected by the interaction between treatment and soil layer (Fig. 6) . Under the L cropping system, although no difference in total N min within the 0-to 50-cm layer between drip fertigation and conventional fertilization was observed at V12, N min in the 0-to 10-and 10-to 20-cm soil layers for drip fertigation was 30 and 29 kg N ha -1 or 20 and 11% greater than that for conventional fertilization, respectively. At R3, total N min for drip fertigation within the 0-to 50-cm soil layer was 88 kg N ha -1 , 19% greater than that for conventional fertilization. Soil mineral N content in the 0-to 10-, 10-to 20-, and 20-to 30-cm soil layers for drip fertigation was 20, 19, and 17 kg N ha -1 , which was 67, 48, and 15% greater than that for conventional fertilization, respectively. With the H cropping system, although total N min for drip fertigation within the 0-to 50-cm soil layer was 166 kg N ha -1 or 6% less than that for conventional fertilization at V12, N min for drip fertigation in the 0-to 10-and 10-to 20-cm soil layers was 45 and 43 kg N ha -1 or 15 and 6% greater than that for conventional fertilization, respectively. At R3, total N min for drip fertigation within the 0-to 50-cm soil layer was 149 kg N ha -1 and 22% greater than that for conventional fertilization. Soil mineral N content in the 0-to 10-, 10-to 20-, and 20-to 30-cm soil layers for drip fertigation was 33, 32, and 30 kg N ha -1 , which was 61, 47, and 17% greater than that for conventional fertilization, respectively.
Root length per plant was determined at V12 and R3 in 2013 and was affected by the interaction between treatment and soil layer (Fig. 7) . Under the L cropping system, no difference in total root length per plant within the 0-to 50-cm soil layer was observed between conventional fertilization and drip fertigation, whereas root length per plant for drip fertigation within the 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was 32, 30, and 29 m, which was 23, 30, and 75% greater than that for conventional fertilization, respectively. At R3, total root length per plant within the 0-to 50-cm soil layer for drip fertigation was 435 m or 8% greater than that for conventional fertilization. Root length per plant for drip fertigation within the 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was 53, 50, and 48 m, which was 52, 49, and 75% greater than that for conventional fertilization, respectively. Under the H cropping system, total root length per plant within the 0-50 cm soil layer for drip fertigation was 211 m at V12 or 11% greater than that for conventional fertilization. Root length per plant for drip fertigation within the 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was 30, 24, and 23 m, which was 77, 89, and 90% greater than that for conventional fertilization, respectively. At R3, total root length per plant within the 0-to 50-cm soil layer for drip fertigation was 349 m or 12% greater than that for conventional fertilization. Root length per plant for drip fertigation within the 20-to 30-, 30-to 40-, and 40-to 50-cm soil layers was 50, 39, and 36 m, which was 77, 81, and 69% greater than that for conventional fertilization, respectively.
Nitrogen and Irrigation Water Use Efficiency
Indices of N use efficiency such as PFP N , AE N , and RE N were affected by year and treatment under both the L and H cropping systems (Table 4) . Under the L cropping system, PFP N , averaged across two treatments in 2012, was 36.3 kg kg -1 or 5% greater than that in 2013, whereas AE N and RE N , averaged across two treatments in 2013, was 12.0 and 0.42 or 28 and 26% greater than that in 2013, respectively. Nitrogen partial factor productivity, AE N , and RE N , averaged across 2 yr, under drip fertigation was 37.5, 12.9, and 0.44 kg kg -1 or 13, 52, and 44% greater than that for conventional fertilization, respectively. Under the H cropping system, PFP N , averaged across two treatments in 2012, was 25.5 kg kg -1 or 4% greater than that in 2013, whereas AE N and RE N , averaged across two treatments in 2013, was 9.6 and 0.34 or 20 and 21% greater than that in 2013, respectively. Nitrogen partial factor productivity, AE N and RE N , averaged across 2 yr, for drip fertigation was 26.7, 10.6, and 0.38 kg kg -1 or 15, 51, and 53% greater than that for conventional fertilization, respectively.
Irrigation water use efficiency was affected by the interaction between year and treatment under both the L and H cropping systems (Table 4) . Under the L cropping system, WUE irri for drip fertigation was 82.8 and 82.1 kg ha -1 mm -1
, which was 144 and 127% greater than that for conventional fertilization in 2012 and 2013, respectively. Under the H cropping system, the WUE irri for drip fertigation was 98.4 and 94.0 kg ha -1 mm -1
, which was 159 and 130% greater than that for conventional fertilization in 2012 and 2013, respectively.
DISCUSSION
In China, further increases in crop yield have been top priority in terms of policy and practice. Reasonable and efficient use of N are required for further improvements in maize productivity Zhao et al., 2006; Lv et al., 2011) . In this study, the use of split N application via drip irrigation increased maize grain yield by 15 and 15% under H and by 13 and 14% under L, compared with conventional fertilization in 2012 and 2013, respectively. This yield increase resulting from split application of N is consistent with the results of other studies (David et al., 2004; Hebbar et al., 2004; Jokinen et al., 2011) . The increased grain yield for drip fertigation under L was mainly the result of greater kernel mass, whereas an increase in both kernels per ear and kernel mass probably contributed to the yield increase for drip fertigation under H. Grain yield and kernel mass varied significantly between years and was probably related to the lower soil water content at R3 (Fig. 5) caused by the high daily maximum air temperature (35-38°C) encountered 1 wk after silking in 2013 (Fig. 1) , which may have limited kernel development ( Jones et al., 1981) .
Maize grain yield has usually been reported as being positively correlated with maize DM production (Moll et al., 1994; Ning et al., 2013) . Our results indicate that compared with conventional fertilization, the increase in maize grain yield for drip fertigation under L can be attributed to greater postsilking DM accumulation, whereas greater DM accumulations both before and after silking could contribute to the yield increase for drip fertigation under H. Maize DM production is driven by N, through the influence of both LAI and tissue N concentration (Below, 2002; Hirel et al., 2007) . Under the L cropping system, greater N accumulation and LAI for drip fertigation at the silking and postsilking stages were observed compared with conventional fertilization. Continuing postsilking N accumulation can delay the loss of leaf photosynthetic activity (Ta and Weiland, 1992; Echarte et al., 2008; Ning et al., 2013) and eventually promote greater postsilking DM accumulation (Rajcan and Tollenaar, 1999; Lee and Tollenaar, 2007) . Thus, postsilking DM production for drip fertigation improved substantially over that for conventional fertilization. Kernel mass at maturity for drip fertigation was greater than that for conventional fertilization, which may have resulted from the high capacity of maize to provide assimilates during grain filling promoted by sufficient N supply (Echarte et al., 2008; Ning et al., 2013) . This view is consistent with other studies (Borrás and Westgate, 2006) Under the H cropping system, although N concentration at V6, averaged across three treatments in 2013, was greater than that for 2012, no difference in N concentration at V6 averaged across 2 yr was found among treatments across 2 yr. The increased N concentration and Source of variation accumulation for drip fertigation compared with conventional fertilization began at V12 across 2 yr. Greater N accumulation at the early growth stages promotes leaf area development and increases interception of solar radiation and assimilation availability (Echarte et al., 2008; Ciampitti and Vyn, 2011) . As a result, the LAI and DM accumulation rate for drip fertigation, from V12 to R1 were greater than those for conventional fertigation, which resulted in 12 and 10% increases in DM accumulation before silking (sowing to R1) for drip fertigation in 2012 and 2013, respectively. Greater N accumulation of maize during the presilking stages have an effect on C and N metabolism in developing kernels, with greater translocation of N to help establish viable embryos (Below et al., 2000; Borrás et al., 2003) . Consequently, kernel number per ear for drip fertigation was greater than that for conventional fertilization. Postsilking DM accumulation and kernel mass for drip fertigation also improved substantially over conventional fertilization, probably caused by improved N accumulation after silking. From these results, we can also conclude that drip fertigation improved early N accumulation to promote later increases in DM accumulation. This is consistent with findings from previous research on winter wheat (Ye et al., 2011; Meng et al., 2013) .
Root length density and the spatial distribution of roots have a substantial impact on water and nutrient uptake by plants (Amato and Ritchie, 2002; Xue et al., 2003; Doussan et al., 2006) . Under the L cropping system, drip fertigation increased total root length per plant, soil water content, and N min compared with conventional fertilization within the 0-to 50-cm soil layer at R3 in 2013, the stage at which N deficiency commonly occurs (Echarte et al., 2008; Ning et al., 2013) , especially under traditional fertilization with N fertilizer applied once per growing season before planting or at the V6 stage. Increased root length per plant under drip fertigation compared with conventional fertilization in the 30-to 50-cm soil layer increased N absorption from deeper soil, which was associated with less N min in the 30-to 50-cm soil layer for drip fertigation compared with conventional fertilization. These findings are consistent with previous studies on the effect of drip irrigation (Patel and Rajput, 2000; Bhat and Sujatha, 2009 ). These results from a single year provide a possible explanation for increased postsilking N accumulation for drip fertigation compared with conventional fertilization under the L cropping system. Under the H cropping system, the increase in plant density probably reduced the soil space for the roots of individual plants, thereby inhibiting the rate and extent of root growth (Sadras et al., 1989; Rubio et al., 2001) . Drip fertigation increased the total root length per plant in the 0-to 50-cm soil layer, especially within the 20-to 50-cm soil layer at V12 and R3 in 2013, probably because of greater soil water content than that for conventional fertilization.
Although there was greater N min content within the 0-to 50-cm soil layer at V12 for conventional fertilization compared with drip fertigation, N uptake by roots of individual maize plants was probably limited because of decreased root length and soil water content (Wang et al., 2015) . After silking, greater N for maize N uptake was supplied via drip fertigation compared with conventional fertilization because N split-applied to closely match N uptake by maize. This is confirmed by previous studies showing that split application of N can provide adequate N to plants during silking to maturity (Peng et al., 1996; Matson et al., 1998; Meng et al., 2012b) . For conventional fertilization, a large portion of excess N fertilizer probably leached deeper into the soil profile as a result of the rapid downward movement of water under flood irrigation, as has been shown in previous studies (Sharma, 2007; Raina et al., 2013) . Nitrogen accumulation under drip fertigation from V12 to R1 and after silking was greater than that under conventional fertilization.
As a result of the increased uptake of N by maize under drip fertigation compared with conventional fertilization, the use of drip fertigation improved the PFP N , AE N , and RE N under both the L and H cropping system. Differences in PFP N , AE N , and RE N between the 2 yr were mainly attributed to different DM and N accumulation under the L and H cropping systems. However, NUE in this study was less than that in other studies (Jin et al., 2012; Meng et al., 2012b) and is probably related to our experiments being conducted on soils with medium to low yield potential, which represents about two-thirds of China's crop land (Shi et al., 2010) . These soils have excessive permeability and low water and nutrient retention capacities (Shi et al., 2010) . The use of drip fertigation resulted in significant improvements in WUE for both the L and H cropping systems, reducing water use by almost 45%. This finding is in accordance with previous studies attributing significant increases in WUE to drip irrigation (Silber et al., 2003; Rajput and Patel, 2006; Kang et al., 2012; Wan et al., 2012) .
Despite these observations, some aspects of maize production affected by drip fertigation should be further addressed. The effects of drip fertigation on maize production in this study were evaluated at one location with one maize hybrid. Previous studies indicate that drip fertigation effects would be magnified in areas where water shortages have become the factor most restricting sustainable development in agriculture . The maize hybrid used in this study, ZD 958, was planted on 4540,000 ha in China in 2009 (National Bureau of Statistics of China, 2015) and it has expanded the northernmost extent of the spring maize region (You et al., 2008; Bai et al., 2010) . Therefore, the effect of drip fertigation on maize hybrid ZD 958 is representative of that at a large regional scale. The economic benefits and environmental sustainability of drip fertigation need to be further analyzed. Drip fertigation increases the material inputs and labor costs to maize production because of the installation of the drip irrigation system, but it could reduce water and fertilizer use, which is economically and environmentally necessary in the intensive agricultural areas of China.
CONCLUSION
Drip fertigation is an effective way to optimize NUE and increase maize grain yield. In this study, the effect of drip fertigation on maize growth and N accumulation under two maize cropping practices was examined in a 2-yr field experiment. When maize was grown at a high plant density with a high total N rate, drip fertigation increased maize grain yield by 15% compared with conventional fertilization in both 2012 and 2013, which was mainly attributed to increased presilking and postsilking DM accumulation. Greater N concentration and N accumulation for drip fertigation compared with conventional fertilization from V12 to R1 and after silking, probably caused by greater root length per plant, could contribute to the increase in DM accumulation. With low plant density and a low total N rate, there was a 13 and 14% increase in grain yield for drip fertigation compared with conventional fertilization in 2012 and 2013, respectively, which was mainly attributed to 18 and 17% increases in postsilking DM in 2012 and 2013, respectively. This was associated with greater N accumulation, soil N min , and root length per plant after silking for drip fertigation compared with conventional fertilization. As a result of greater grain yield and N uptake and less water consumption, drip irrigation improved NUE and WUE irri compared with conventional fertilization.
